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The basic differential equations for the electron density in
an electron beam stabilized discharge are formulated and

a discussion of the relevant physical processws is presented,
Rapid charge transfer among the positive ions is shown to
result in a considerable simplification of the basic equations,
An analytic solution is given which, in an approximate
manner, includes the effect of oxygen attachiment., A
comparison between calculated electron densities and
preliminary measurements is shown to be in reasonable

agreement,
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1.0 INTRODUCTION

Molecular gas lasers, in which the primary pumping mechanism is electron
impact on the gas molecules, have shown very high efficiencies; for example
up to 47% for CO1 and 33% for COZ' 2 Because of the high efficiency and
relative simplicity of these electrically pumped lasers, considerable effort
is being directed to the problem of scaling up the outputs of electric dis-
charge lasers by new methods of maintaining uniform discharges in high
pressure gas mixtures. One such new method is the electron beam stabilized ’

3'4: 596

discharge. The calculation of the electron density of the plasma in

such a discharge is the subject of this report.

An electron beam stabilized plasma differs considerably from a self-
sustaining discharge in that the energy for the ionization of the gas molecules
comes from a Ligh voltage electron beam directed ints the laser chamber
through a' thin metalic foil from a high vacuum region (see Figure 1), In the
more common self-sustaining discharge, e,g., glow or radio frequency
discharges, the ionization is produced by electrons generated in the plasma
which po sess sufficient energy., At high pressure, for exam *: -
atmosphere, and at discharge times longer than aboutl us, such plasmas
with metalic electrodes often produce low resistance local arcs which in
turn cause very inhomogeneous laser pumping and unwanted heating of the
active molecules. Since the ionization in an electron beam plasma is
externally controlled by the energetic electron stream ,one need not

'heat'' the electrons in the plasma to the point of causing significant
ionization and thus the problem of arcing in the laser chamber is greatly
reduced, Note that we distinguish between th: tenuous stream of high

energy electrons of the E-beam and the low energy (plasma) electrons
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produced in the laser chamber by ionizing collisions between molecules and
the fast beam particles. (The electron density of the beam may be about
106/cm3 and of the low energy electrons about 1012 /cm3).

Fast laser pumping rates are obtained if the average energy of the plasma
electron is about 1 eV (see References 7 and 8 for CO and CO;). This
average energy is supplied by passing a current between two sustainer
electrodes iocated in the plasma region, One electrode, which does not
block the electron beam, is located near the foil and is generally at ground

potential and the other electrode is maintained at the sustainer potential V,.

 The laser pumping rate is proportional to the number density of the plasma
electrons, ne, and it is the purpose of this reporf to discuss the physical B
processes which control the electron density i:. a multigas E-beam plasma,
and to calculate n, for some typical operating conditions. In Segtiox_& 2,0

of this report the basic equations for the electron density are formulated -

and n, is calculated for some exemplar;/ cases., Also a comparison

between experiment and calculation is made, A simple discussion of the

basic physical processes of electron generation and loss is presented in

Section 3.0, The rates for these processes are also culculated,
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2,0 ELECTRON DENSITY CALCULATIONS

. Molecular ga: laser plasmas generally contain a mixture of gases, their

positive ions (and possibly negative ions) and electrons. In electron beam

stabilized plasmas the total pressure may be about one atmosphere
(~1019'partic1es /cm3) or higher, The number densities of the ions or
electrons is usually less than lomlcm3 for a total pressure of one
afmosphere and thus is small compared to the neutral density. Since
electron-neutral collisions are :‘esponsible for the laser pumping, with -

ion-neutral processes relatively unimportant, the electron density is

e N e o
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of prime importance, Although the concentration of the various ion types

is, per se, not of interest, we shall nonetheless have to consider the various

ion processes since the rate of electron loss depends upon the particular ion

oI
R

species present in the discharge.

In Section 2.1 the basic set of equations which should be solved to calculate the

S G R W

electron density is given. For each constituent of the gas mixture, there

is one first order nonlinear differential equation, and in general, the result-

oI

ing set of coupled differential equations must be solved numerically, When

¢
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a chemically pure gas is considercd, one can write an analytic solution for n,

A as a function of time (Section 2,2). One can also solve analytically an approxi-

e PR

mate equation for a single consatituent gas with a small amount of oxygen

S .‘,4’.;\, kel
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(Section 2,2). Solutions for a muiticomponent gas, on the other hand, are o
E more complex. A discussion of the don;zinanf mechanisms in typical mixtures : .
is given in Section 2,3, Computer solutions for various gas mixtures and
%‘; operating conditions are presented in Section 2. 4, and in Section 2, 5 some
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N sxperimental measurements are compared with calculated values, i
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The rate constants used in the calculations of electron density are identified
and reviewed in Section 3.0, Since we will use taese constants in the next

section, it is useful to briefly describe them here.
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Electron Generation, The oniy electron generation process of

importance is that of electron neutrzal collisions, We choose to divide

the electrons into two classes. Class one includes the electrons of the
high voltage beam and the fast secondaries which the high voltage beam
produces. Class two includes the low energy electrons produced by the

ionization which reside in the plasma at an energy of approximately 1 eV. T

Electron Attachment. The attachmert srocesses are twobody and three

body processes. A two body process, for example, is 02 +¢ 20" +0, anda
three body process may be illustrated by using nitrogen: N2 + O2 +te+ Ny + O;.

PPN W, 1o CO AT Do g ST

wer rem’

Recombination, The main electron-ion recombination processes are also

PEREN

¢wo body and three body events, illustrated with argon:
+ _
Arz + e 2Ar
+ j '
Ar +eAr S

Ar+ + Ar + eQ..ZAr

lon-ion recorabination is the main neutralization process for negative
oxygen lons. The recombination coefficient for the latter is about o o

- 1078 cm’ /s,

Cnarge Transfer: The charge transfer procesaes are very important

Sl s i S A A e 2 4

PrrAT

in determining th: lifetime of the varions species of fons. Rate constants
given in the works of Ferguson, Schmeltekopf, Fensenfeld ¢t al (cited
in Section 3, 5) indicate thet there is rapid charge transfer from heilum

and 1itrogen ions to carbon monoxide and caroon dioxide ions.
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2.1 Basic Electron Density Equations for a Multicomponent Gas. To

formulate a basic set of equations for a multicomponent gas we shall
assume quasi-neutrality and homogeneity; Quasi-neutrality implies

near equality between free positive and » 2gative charges, and homogeneity
implies that the temporal rate of char:. of ion number density is governed
only by ion loss and generation rates. Let n(j+) represent the

number density of positive ions i the jth species, n, the electron deusity,
and n(Og ) the number densiy of charged oxygen moiecules as the only

negative ions present, From the quasi-neutrality reguirements, we can

write

n, = ‘;3 n(j*) - nio}) (1a)

and from the homogeneity concept we write (for each particle species)
' .y, S+ +
Cdn(j M/dt=G() = L({ ) (1b)

and

dn(Oz)/dt = G(0,) - L(o;) ‘ (1c)

where the G and L terms refer to the generation and loss rates for

each type of ion,

There are many possible reactions in a typical laser gas which must be
included in the loss and generation terms of Eqs. (lb) and (lc). In order
to obtain a tractable set of equations we shall confine our attention to

.those reactions listed below and discussed in Section 3. 5.
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For a pure gas, for example helium, the dominant reactions for our

purposes are:
. as +
Icnization: e tHe-pHe +2le
Molecule Forma*ion: He+ + He-» He;

Recombination: He; + e -»2He.

For a gas mixture, for example helium, nitrogen ard carbon monoxide,

, the dominant reactions are:

Ionization: e + He —» I-Ie‘i + 2e,
e+ Nz* N; i 2e,
e+ CO-»CO +2e,

Charge Exchange: He® + NZ (or CO) -»N; (or‘CO+)

1\; +CO N, + cot

Cluster Formation:  CC' + CO~ (CO),

- Y
NZ fNZ"’N‘},

Recombination: (CO), + ¢ +2CO,
+ :
N 4 +te> ZNZ.
For a gas mixture containing a small amount of oxygen, in addition to the

ahove, we have:

Oxygen Attachment: 0, te»O + o,
0, +e+M--o;_+M,
Recombination: (0)” +(CO) w0 +(CO} ,
| x y  x Y

where at this stage of the investigation the specific ions and molecules,
designated by the subscripts x and y, cannot clearly be identified and M

is any atom or molecule.
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The charge exchange processes, schematically indicated above, enter into ;
the iocn density xate equations (Ib) as a lbss for the initial ion species and

a gereration for the resultant species.

The basic equations (la, b and ¢) can be simplified by considering the

approximate rates of the various processes. In part-inular, the average

lifetime for heliam or nitrogen ions, considering charge transfer processes,

is in the order of lo-msec, and the lifetime, determined by recombination

processes, is in the order of 10“5 to 10-7 sec. Since we are not interested
in the ion density but rather electron density, and since the free electrons

are not involved in the charge transfer process, we can simplify the basic

equations. We sum up the effect on the basic equations of the dominant

reactions given above as follows (neglecting for the moment, any attachment):

{a) Helium, nitrogen and carbon monoxide ions (and electrons) are

generated as indicated above.

. {b) Helium and nitrogen ions chai‘ge transfer to carbon monoxide -

ions infinitely fast,

{c) Because of (b), the effective generation rate for the carbon monoxide

ions is the sum of all the genecration rates,

(d)  The time to form (GO); or (CO). is e timated to be about 10”" sec.
Siace this time is short compared to the recombination time, we

may assume that this process proceeds arbditrarily fast.

{e) The recombination of (CO); or (CO): indicated above is then the

only important loss process for electrons.

Although the electron-ion recombination process for carbon monoxide (and

other ions) involves a larger molecule, i.e., (CO): we shail simplify our :

~
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notation, whenever possible, by writing CO+ instead of (CO;: . We

shall use this convention for other ions as weli,

. +
The recombination rate for carbon monoxide iois is -:;(CO+) n (CO ) n, where
o (CO+) is the recombination rate constant for CO+. For the zasz of no
2
oxygen, n(CO+) =n_, and the recombinatior. rate reduzes tc cx(C0+)ne . Ueing

this loss terin, Eqs. (la) and (1b) reduce to
dne/dt = G(CO+)_+ G(_Hei') + G(N;) - a(CO i.)ni . (2)

It is also assumed that the relative concentration of oxygen atoms, when
present, is less than abhout 10-2, and therefore the number of electrons
derived from posit'lve'pxygen ionization is negligible, The effect. however,
of even a small amount of oxygen on electron loss through attachment, may

be severe, and the coupled set of Eqs. (la, b and c) 1nust then be solved.

The statements (a) and (d) are uneffected by oxygen and they still serve to
simplify Eq, (1b). In Eq, (lc¢), G(O;) represents the attachment process

. and L(Og) the ion-ion recombination process. We shall denote the oxygen

recombination coefficient with a(Oz). The aimplified set of equations

' for a helium, nitrogen, carbon monoxide and oxygen mix is:
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= n(CO f . n(Oz) (3a)
dn(co)/at : g(cot) + e’ + G(N;')

- a(C0"In_n(CO") - a(0;)n(0;)n(CO") (3b)
dn(0,)/dt = n_ B' - a(o;)n(o;)n(co+) (3¢c)

where B! (discussed in Section 3. 4) is the attachment rate constant, We
have ceased distinguishing between O  and 0'2' (or other negative oxygen

ions),

Because of the very anisotropic electron velocity distribution, it is convenient
to divide the electrons into two classes, as indicated earlier, and to divide the

jonization function G(j+) into two parts. Thus, G(j+) is written as
.t N ops . "
G(j ') = in(j)g(j) + n n(j) F(T,J) (4)

where the first term on the right hand side corresponds to the ionization caased by
the electron beam and the second term the ioniza’ion caused by the electrons
having random energies of the order of 1 eV, n(j) is the molecular or atomic

rumber density of spucies j, i is the electron beam current, and g(j) is a

' _norrﬁalized'ionizaﬁon rate for species j. . . F(Tg.J) is an ionization rate

per molecul" ar atom. which depende on the electron energy, It shall be

assumed that the random motion of the electronl can be approximated by a

Boltzmann-MaxweH dietrih\'%ion* at temperature To. The functions g(j)

_and F(T,,j) are dlacuued in Sectiom 3, l and 3 2 respectively.

x Although Nighans’ 9 has calculated that the electron velocity distribution
in CO; and CO gas mixtures for the usual discharge conditions will depart
from a Maxwellian, we will often treat this a.pproximately isotropic random
motica as thermal
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2,2 The Analytic Solution of Electron Density for a Single Component

Gas, In this section the basic equation for the electron density (Eq. 1)
will be simplified by considering only one gas, for which an analytic solution
can be obtained, An approximate equation that includes the effects of oxygen !

will also be derived and solved.

For this exampie we shall assume that the fill gas is argon with a small
amount of oxygen, Since the percentage of oxygen is assumed small, we

neglect the positive ions of oxygen. Eqs, (la, b and c¢) now reduce to:

R BT i e

+ -
n, = n(Ar') - n(Oz) (5a)

dn(Ar")/dt = n(Ar)ig(Ar) +n_n(Ar) F(T,, Ar) -
+, .t e . +

- a(Ar )n(Ar )ne - a(Oz)n(Oz)n(Ar ) (5b)

dn(0;)/éi = B'n_ - a(o;)n(o;)n(A_r*) . | (5¢)

This set of equations cannot be solved simply Without numerical methods,
We shall obtain analytical aolutions for three caaes- (a) no thermal

" generation (F(T) = 0) and no oxygen sttachment ( B' = 0), (b) thermal

generation but no af:tachment. and (c) no thermal generation but attach-

ment, For cazes (a) and (b), we obtain simple solutions to the exact
equations. For (¢) we must approximate Eq, (5) in order td solve for n,
We shall assume that the electron beam is on for a length of time p. Figure2

shows the value of the electron density as a fuhction of time for the-ca»u: (a),
(b) and (c). '

Case (a):  For F(T,)= 0 and B = ( we have

dnoldt ® . mi +c , (6a)

where a = @(Ar’) and ¢ = n(Ar)ig(Ar)

LURSRTaN
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The solution is:

For the buildup of n_: n_-= (c/a)/* tanh Jae t o0<t<p  (6b)

-1 :
For the decay of n: o, = (a(t - p) + llneo) p<t {6¢)
where n, = ne(t = pl
Eq, (6b) and (6c) are plotted in Figure 2,
1/2

If we define the characteristic rise and decay times to be T, = (ac)”

= (n a.)"1 respectively, then we note that T = T, if the build up
eo 1/2 r d

and ‘rd

transient is complete (i.e,, if n o:(c /a)

for 760 torr argon with 1 mA/cm  electron beam current yields a steady

state equilibrium electron density, neq’ of 4,3 x lolzlcm and a rise time

7 cm3/a and ¢=1,2 x 1018

). A sarﬂple calculation

of 1 us, This was calculated using a = 8,8 x 10~

(cm3 s)'l.

Case (b): For F(Ty)# 0 and B' = 0 we have

dn /dt=-an2-bn +c (7a)
e e e

where we define b = 8! « n(A.r)F(Te). In this case b simplifies o
-n(Ar)F(%R). The aplution for this case is:

2¢(l -~ e-%

For the buﬁdup ofn; n, = "R , 0Ogtsp (7b)
" (sb+R)e +b+R
, n <t (7¢)
For the decayofn ; n_ = 22 ’ P €
e e /an an
( L0 l)eb(t-p) )
b b

where R = (bz + 4 ac)l/z.
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Case (c): For this case Eqs. (22, b, and c¢) can be combined to yield
dn /dt =~ 2 (1+n(0))/n ) ~bn + (8)
. dn =-an_ n(0,)/n ) - bn_ +c.

Congidering attachment and n(O;)/ne« 1, Eq. (8) is of the form of (7a)
and its solution is again given by (7b} and (7¢), but the coefficient

b = B! for this case,

The value of n(Og K ’ne can be easily estimated for steady state conditions. -

From Eq. (5c) one calculates .

n(03) = [8'/a(0;)] 1 +n(0})/n )" (9)

which, for n(OE)/ne small compared to one, gives n(Og) Bt/ a(Oz).
For typical values of B =5x 103&-1 and 0(0;) = 10'6cm3s"1, one calculutes
n’(C»;) =5x 109cm-3. For n, = lOlzc:m'3 the above approximation to

Eq. (8) for steady state conditions is well justified. During the initial

build up of n. the ionization term c¢ is more important than the

electron recombination term and therefore the approximation to Eq. (8)
should also be good for this period. Late in the after-glow, the recombina-
tion term is less important than the attachment term and again the approxi-
mation to Eq, (8) should cause no significat}t error in calculating n, for

this period. M

If the turn on transient is complete and stexdy state is achieved, the

equilibrium electron density, neq for cases (b) and (c) is R

Ryq = [0+ b2 + 4a0)/?] zayl. (10)
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“The solution for n, for cases (a), (b), and (c) is shown in Figure 2. The iﬁ /
initial rise in electron density is governed solely by the electron beam
ionization rate. The final phase of the electron density build-up is only
slightly influenced by attachment and thermal ionization; it proceeds faster
for the case of attachment and slower for the case of thermal gerier-ation. >
The rate of décay of the electron density is strongly influenced by-attachment

and thermal generation as shown in Figure 2.

2.3 The Electron Density Function for a2 Multicomponent Gas. " The

éhnplified basic equations (3a, b and c¢) for a gas mixture are of the same
form as those for a sing_le component gas (52, b and ¢). Thereafore,

the solutions for n, in equations (7b, c) and (9), also repreient analytic
solutions for the multicomponent gas case, provided that the definitior of
the constants a, b, and ¢ is generalized. It should be noted that

the differential equation (7a) is approximate when electron attachment

is significant, since n(j+) is not equal to n_.

~ For the mﬁlticomponent gas, the coefficients a, b, and ¢ to be used in

the approximate solution (7b, c) are:

a= a(GH (11a)

where (§+) is the final ion type in the rapid charge transfer process,
e.g., cotor co, .
b= B' - I n()F(T,j) (1ib)
J

where 8' derived in Section 3. 4,includes the 2 body and 3 body attach-
ment process and n(j}F(T ., j) is the thermal jonization rate of atom

species j, and

c =i Znljel) (11c)
3 _

where in(j'g(j) is the rate of ionization produced by the electron beam in

species j.

15



The qualitativei béixa.viou.r of ne is depicted in Figure 3 for various
cases. An eleciron beam pulse of 100 us duration is assumed and
regults for pﬁre-and multicomponent gases with and without
attachment and 'tﬁer:mal generation are shown. In the next section,
numerical solutions of Eqs. {3a, b, c) are presented and discussed.

In the section following, comparisons are made between the calculated

and measured resalts, .

2.4  Solutions for Various Operating Conditions. Computer solutions of

for various operating conditions are presented in this section. A

ne

100 keV electron beam pulse of 100 u4s duration and a total gas pressure of
760 torr at 273°K was assumed for each case. Table I lists the cases

considered with parameters chosen to illustrate the effect on the electron

density caused by:
Changing the beam carrent; Figy : . e
Including attachmert; Figures 4d, })b and 7b,
Including thermal generation; Figures 4e, 6c and 7c,
Changing g;.s; ~Sigures 5a, %, ¢, and d, and

Using differenr: laser gas miutures; Figures 6 and 7,

With no attachment or thermal generation the effect of changing the beam

current is as anticipated: the maximum ele:tron density varies as the
square root of the current, and the rise and fall times decrease at

higher currents. From Eq. (4) one notes that a change in the gas
density is equivalent to a change in the beam current,

16
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The electrom beam

For pure CO with no thermal
generation. (High generation
and recombination rates)

n_it) i

For pure He with no thermal

generation. (Low generation ne(t) 1 /\
and very low recombination b

rates. )

For CO, N,, and He with no n (1) ’
thermal generation and e
attachment, '

For O, N, and He with thermal
generation but no attachment. n e(t)

For CO, N, and He with

n (t) f
attachment but no thermal / L,
generation,

rigure 3. Lffects of various basic processes on electron density,




2 AL AT R RER A o it N o

192

WARAACERS

Qidobng

Pty
Sieia

i

Lt

s

—— S

TRy
A SGE-R

oAy

'

L B

L (¢ 2nauy

3(rye.q ¥

I3
Lol r

i

L=V nw,..usd.m.w ur pesn sajey jo Iqey, -~ I nmd.md‘p.. \
£y ' .

oL
qL

el

P9

29
99

®9

| 3]
S8
qs
eg

P -

%24
E4 4
q¥
ey

.vo.—. X2’y AP 01 =1 ﬁOM&dkOﬁOw fewasyy Yita ingq e, se Iureg
uafAxo Jo 1103 0 ‘Z Yiam 3nq B, se aweg
LZ1 [Ze%e)
0 LOTXSL°S o 0°1 PRUE €52 IN
_ 08¢ ®H
0 LT X902 0°1 LT * 1 ¥52 00
_ 90$ 4
0 ¢O._” X O .N A0 ..ﬁ = I ﬂOm&dhOGOM Hdﬁhkﬂﬂmv Ing dnw se 3uxeg
0TI X L°2 0 ueSLxo 3o 1103 o’z Y3 3NqQ BG SB SdW2G
¥ L7% 0o
0 0 L0 * sL 0’1 L=0l X I ” €2 sz
08¢ SH
0 0 4101 % ¥1 0°1 =0T % 1 o9z %00
0 0 LI0T X 9°L 01 ;=0T %1 09L oo
.0 0 LIOT* 9°L 01 g-01 %8 092 ‘N
0 0 LI0Tx6°1 0°1 =0T X ¥ 69L 9H
.VOA X 2'2 A2 11 nv.H. Co.m..—d.ﬂo.com [ewilay) qyam Inq qy ge auueg
o w.ﬁ x6 _ uadixo jJo 1103 0’y Y3tm Inqg qp e dweg
S Te 0 L101 X 092 | 001 g-01 * 8 092 N
o : TR LI0T X 9°L : 0°1 g-01 % 8 092 N
Y0 P 01 *°940°0 10°0 g-01 % 8 09L °N
(. _9.8 [-(8/w2) -(8/;tu2) . g T2/ vW {sfcwd)  (MEL2 3® 1I01)  eandtd
& . wesag=-oa , , ) INELIXJ 88D

8

1




SRk LG b R I o P

e B P D M VTN 92 T ST bt
. ‘ SRR R P Y PRI

R P R B T

i = 100 mA/cm?

LAl

IS R e i e

4c

RN E R S T N PRAPEY

T=11eV 4e

4b
with 4 torr O, 4d

-3)

i=10 mA/cm2

i

Electron Density (cm
—t
o

4e

’

4d

4b

43,

i=0.01 mA/em® da

1011

Rtema e e e

20 4y 60 80 100 120 140
Time ( Us)

T

.-

4

R

B Figure 4, Electron Density for Nitrogen under Various Conditions.

e , 19

&



RIS

S i e e aipend o

i)

Tamd 1 f

R R e R Ry e R e P I o AN

140

12¢

10C

ioxide
80

arbon
Time ( us)

C

60

TR T PR P

Carbon\Monoxide
5¢
40

yNitrogen 5b

20

O T R R AT

Ay

T

= S
1..0 o
ban | 4

(_ ww) Aj1suag uoazdrafy

Figure 5. Electron density versuc time for 760 torr of fill zas.

P

20




3G LA oo

IR

T L ey - igea o e s .
ﬂ.-\ﬁ.«.\ BERLO A : L AR LR R I L )

)

me { pia)

21

Ti

HQ. Nz. COT=1e¥

Electron Density for CO Mixtares.

Figure 6.

2.8

| B g

.4_33.3_«3.2855.&.

oy . .
. "

S s gt e T ..,\3 T e AT L




= - : )
- oot - = - -
- -
.

H '

o, L ,:_‘A,'
vy PP
o

.~
- -
A - 2

'“(qlm"'afir T

m‘n'f}:;mn e ayty % 10

o4

‘ Time ( &s)

Tigure -. Electroc: Density for (.‘.402 Mixtures.

22
=
=

120

140

B O NPT IXRITI T T T 1 S ¢

[

‘
3

N reaa)

iy

EERR VA PLV RN



In Fxgm-e 3 tic-e eﬂect of the low generation rate and the very low . 7
recanbmahon rate“in helmm is noted' namely ‘long rise and £an ﬁmes o
but a lngb steady state electrou denszty (its value would be 7 x 10 /cm3
"~ for a suiﬁcxenﬂy long pulse]}. - The formahon of negative mns is to be"
expected for CO and COy dmchargea, but it is not considered m Fxgurea{
Sc, ‘and &. ‘ | | S
Figures £ and 7 nge the electron densn:y for typxcal laser gas mxxhxres.
Whenever helium is present,\there is rapid cha,rge h-zmsfer to carbon -
monoxide or czrbon dioxide. : Smce ‘the generation rate.of hehum is lcw '
compared te Nz. CO or- COZ. there is only a smal. contnbuhon to the

electron densxty from the: helium (com?are F1gures 6a and 6d)

The purity of CO is often a problem because carbonyls are often present

and fney attach electrons rapidly. I_o The mclus:on of some oxygen attach-

ment should approximate the effect of carbonyl electron attachment. Little
is known about the recombination of carbon dioxide because, -in most

_discharges, many of the free electrons attach and form negative ions which

mask the recombination process. {CO, has a large cross section for negative

ion formation at electron energies of about 4 eV), 1

2.5 Comparison of Measured and Calculated Currents. In electrical

discharges, operating at atmospheric pressure with 2 low degree of ioniza-
tion, it is difficult to measure the electron density directly (by probes

or by microwave methods). A measure of the accuracy of the electron
cdensity calculations may be obtained by comparing the current which flows
between the sustainer electrodes in the laser plaama region (see T'igure 1),
The expacted value of current density i is

(12)

= ienev

s dl

SepaSy LS LY R Al e

4o e

A
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where e is the electron charge and v4 the electrou drift velocity .
in the electric field of the sustainer electrodes. The values for v,

" were obtained from Brown, 12 and the electric field was taken to be
the vcltage between the electrodes divided by the separation., The
total measured sustainer current divided by the area gave the average

current density i,.

The results of preliminary measurements of discharge currents in nitrogen
and in carbon monoxide are shown in Figures 8 and 9, The electron beam
current density was about 0.5 mA/cmz, and the current measurements in

. the laser cavity were made after the electron density build up was

A :complete. Both B' and F(T,) were taken to be zero in the calculation.

The cathode fall, estimated tc be about 400 volts, was neglected.

The agreement between the measured and calculated discharge current
_values for nitrogen was better than expected with this crude model. The

lower measured current values for carbon monoxide may be due to some

attachment process,
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3.0- BASIC PHYSICAL PROCESSES

In this section we shall discuss the basic reactions and the reaction

rates giving rise to:

(1) Tonization of the fill gas automs by the electrons of tlie E-beam,

(2) Ionization of the atoms by eiectrons having about 1 eV thermal
energy,
_ (3) Electron-ion and ion-ion recombination,.
(4) Electron attachment to and detachment from oxygen, and
(5) Charge transfer processes, \

3.1 Ionization of Fill Gas Atoms by Electrons of the E-Beam. The

reactions, by which the very energetic electrons from the electron gun
ionize neutral gas particles, are cascade processes, which may be

expressed as follows using Ar,
e(E) + AramAr" +e(E - V, - W) + e(W,) T s
+
e(Wl) + Are=Ar + e(W1 - Vi - Wz) + e(Wz) (13b)

where E is the energy of the beam electron (E ~100 keV), Vi is the ioniza-

tion energy and W is the kinetic energy of the ejected electron.

The energetic electron ionizes an argon atom and looses an -.nount of
energy approximately equal to the ionization energy plus the kinetic energy,
Wl, of the secondary electron, The cross sections o, for this process,
listed in Table II, are discussed below, The generation process, however,
is not complete as the secondary electron at energy W1 may then ionize
additional atoms. The likelihood of this latter process is more difficult

to calculate. The highly energetic electron may also impart some further

energy to the argon atom, however, this is not included in the above equations,
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We will first discuss the cross section calcuation for process (13a) and
&w&&eﬁcwﬁﬂl)d&emm and then
‘compare these energy losses of the primary electron with stopping power
data, We will then discuss process 13b) and denote with

€ the namber of farther ionizations caased by the electron at energy W,.

_ Finally, we will relate the tofal number of ion pairs/cm caused Dy the passage
_of one high energy electrom to the results obtained by 2 rule of tharmb
culculation. The latter is based on calculating the ion pair generation rate

. from the stopping power by assuming that each jon pair takes abcut 30 - 35 eV
energy of the primary electron. ' ' -

The cross sections for process (132) have beer measused by many inve-tigahortn

at low exergies { < 1keV). Less work has been done at energies arcand

100 keV. Schram et al - have made measurements of the first eight gases
listed in Table L at energies up to 20 keV and have tabulated the constants
necessary to use the Bethe formalz)> which allows one to calcalate the ioniza-
tion cross sections for 100 keV primary electrons {or other energies of \

interest).

Using the very simple collisional model presented in reference 15, (page
276), which considers a highly energetic electron encountering other
electrons at rest (process 13a), one can calculate o and the average
kinetic cnergy of the ejectod electron < Wy > . For E =100 keV and
V; = 15 &V, one calculates 7; = 0.043 x 10715 cm® znd < Wy > =105 &V,
where Z is the atomic (or molecular) number. The calculated value of

0; is about a factor of two too small when compared with measured values in
Table II. The value of < W) > is within about 20% of the value one obtains

from stopping power data. For example, in argon at 1 atmosphere, with

29

e AR ——

FovE |

2050 B Dot he A S i LB LT Py .,J.Jns'./;v-um:‘e.»m.«uﬁw«%&.ﬁﬁdféwﬁﬂfg‘;ﬁ}m

v 1



=]

[

s, =L9x lo‘“cqmz. there are 51 direct ionizing processes per cm

f&achprimaryeledron. The energy ioss per cm for each primary
electron is thus 51 (V; + <W; > ) = 6.1 kéV/cm. The tabulated energy

loss given by Berger and Seltzer'® is 5.1 kV/cm.

NI AR R s it

The kinetic erergy of the ejected electran decays from a valae of W
toward 2 steady state value (~1eV)., There are many processes which
compete for this excess kinetic energy and we will not attempt to discuss
how this energy is aplit between ionizing and nonionizing processes,

k‘anon propesed a theéry which states that the average energy, w, which

bl

[EWITF RERTIIC I

PRI

is expended in producing an ion pair by the processes of Eq. (13a) and (13b), -

o et il SRR AL BRI 4 LN

and subsequent ionization processes, should be quite independent of the atom ;
structure and is about 30 eV. This is born out sxperimentally and more o

precise values,taken from reference 15 (page 233),are given below. Also

shown below are some measured values of €, the number of further ion

5 pairs produced by the electron ejected in the primary ionization process, '
Eq. (13a).
';‘ w(ev) € 18
Hydrogen 35 _ 1.3
;'_» Nitrogen 36.2 2.3
Argon 26 2.7 j
Oxygen 32,3 2.5 :
Helium ' 30 3
Neon | 28 J
A' Krypton 24 »
| Xenon 22 ‘2
{ co | 34 :
1 co, 34 3
The data used in the generation rate calculations is presented in Table II,
The ion pair generation rate, g, is normalized for 1 mA/cm2 primary “
"_‘3 electron beam current at 100 keV and for 1 gas atom or molecule/cms. _ < f
. 30 | i




‘ o
It was calculaled by dividing the value of the stopping power of the gas ) N .:::i
Gaken from Bergeru’by w, the average energy loss per ion pair. Also - ‘Z
Ested are the stopping powera16 and the ionization cross sectiors for E \

the production of ion pairs directly by the primary electrans. The
generation rates 1n Table I were obtained by multiplying g by the beam
current (in mA) anc the fill gas number density.

3.2. Ionization by Flectrons naving abort1 eV Thermai Energy. The
electrons in the plasma, produced by the ionising vrocesses desc=-ibed

abave, are maintained at an average energy of about 1 eV. The motion -
of ithese electrons is primarily random with a relatively slow drift
(~106cml 8) toward the positive electrode. Because of thg pre-
poaderance of ele~tron~-neutral collisio_ns (compared to electron-electron
colligions) and the non-thermal conaitions (gas kinetic energy ~0. 03 eV),

the electron velocity distribution is non-Maxwellian (see References 8 and 9).

TLe correct method for the calculation of the innization rate caused by these

plasma electrons would be to use the velocity distribution appropriate to the
; particular gas mixture and the applied electric field. A much simpler

procedurc used here, which should yield rates within a factor of about

two, is to take the Maxwellian vélocity distributién equivalent in temperature

to 2/3 of the average electron energy., The equation for F(Tg, j) is

o0
r
F(Te,5) = j o(j,s) s £(s) ds (14)
o
where i denotes the type of atom or molecule, s and £(s) are the
electron speed and speed distribution function and ¢ (j, 8) i8 the ionization
‘cross section, The values for ¢ were taken from D, Rapp and P, Englander-

C}olden.19 The results of this integration are plotted in Figure 10 as a function

31
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‘of electron temperature. In the above treatment only direct two

body ionizing collisions are considered and jonization via metastable

1
ki
Rt
oy
3
3
1
3
4
‘}.
H
H

states or other processes are ignored.

3.3 _Electron-Ion and Ion-Ion Recombination. The electron-ion recombina-

tion process represents the reverse of the electron:-impact ionization process.

The ion-ion recombination process is responsible for the neutralization of the
negative iona generated by the electron attachment process. The recombination N
processes are characterized by a rate coefficient @. The number of electron- ;

ion recombination events per cm3

sec is given by a(j+)n(j+)ne. where a!jt)
depends on the ion species. For ion-ion recombination, @ depends on both ion
species. For example, for Oi and N; ,» the recombination rate is

a(o;, N;)n(og)n(N;). These two different recombination processes will be

discussed separately.

Qf the many different types of electron-ion recombination processes

possible see, for example, McDanielzo), it appears that, at gas preasures

Lptee® L gt

of the order of 1 atmosphere, dissociative recombination dominates. In
particular, for diatomic molecules for example,
+

NP N -N:, then N' +e-» 2N

N, 4 2 (15)

and

S Sl T e A . s A 20T PR TP 5490 A\ =108 b 1 s okl e ma -
T . N .
TR e NN P

cot + n(Cco) » (CO): then ‘CO)Z ot e +1)CO (16)

4’
. 10,21 .
g seem to be the important processes, For the noble gases, a similar

process accounts for the recombination,

xt 4 x-.-x; | then x;' + e m2X, (17) ?
2
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where X represents one of the noble gas atoms. The dependence of some of the
~ recombination pr;cessea on electron energy have been observed = and the

values quoted in Table:IIl are for the temperatures indicated. The. h

author is not aware of a value of a for electron-carbon dioxide .

recombination. In order to make the calculations, we have used the -

measured value of a for electron-carbon monoxide recombination.

References to numerous other measurements of a are given by Oskam

and l\llit:l:elst:adi:24 and Hasted, a3

The author is not aware of ion-ion recombination coefficients for negative

R e R O P A T TONCWEEAX
-t AN i e weitebes e A RS A

oxygen ions and positive carbon monoxide or carbon dioxide ions., Sayers

has measured a for oxygen and nitrogen. Because of the similarity between
CO and N, in the ionization and electron recombination processes we have
assumed an equal recon'_xbina.tion coefficient, For the lack of a better

value we have also assumed the same ¢ for COZ'

3.4 Electron Attachment to and Detachment from Oxygen, The electrons

in the discharge have a propensity to attach themselves to any oxygen molecules
present in the system, In the process of attachment, the electron and o
oxygen molecule evolve energy (approximately 1.5 eV for O and 0.4 eV for

: O;) which has to be removed some way, We would then expect to have a
variety of processes for attachment (as is the case for recombination).
Phenomenologically these processes are divided inf:o two classes: two

body attachment and three body attachment. One may then write the rate

of electron attachment as:
B'n_ =nn(0,)l B+ Ez K(£)n(4)] (18)

where the [ represents a particle species and the sum is to be extended
over all the species present, B and K are the two and three body attach-
ment coefficients respectively. These coefficients depend strongly on
electron temperature as discusscd in references 1l and 26, For a gas

mixture of helium, nitrogen, carbon monoxide, and oxygen Eq, (18) becomes

i ma M i d e e e e el
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B =, == 20,) [B : EiiehiHe) + K RiX,) + K(COR{CO?
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The calmee of J" aned is Figuzes & & and 7 were calozhated fress B (13

. aak e <ata shwam belye:

[ 4 =-xn-3m1§x. extrapalated frem Figare § of Refevence 26
S-r'£‘¢=le"

K®,) =L5= 10" P cn® e, extrapetafed frem Figure 2 of Raference 26
ST _<2ew

K] =10 ot /s. extragelated fraca Figure 12 of Reference 26

far T =2 W

KN, =$:B¥bnm¢is. extramlited freoe Figure !2 of Reference 24
for T, =D eV,

The “K* vakzes for OO ané QO; are crinuwn te the 2thar 234 are therefece
ecxitted here.

The reverse arocess, MW&;WMQ;&%.
thuamht&aammw&mxm.i

and at dezsities of O less Baz I8 fom s that it may be megieched.
m&nmwam‘xua"‘mzm;n. accerding te Refrreace 26,

sage 411

The attackment of clectzons 2o CO agpears t» be cnirmportazt abk e electrun
temperatcres. AR the present, the agther's ecly imforrmatice is I
Pefereace 2. wiick does zot give data for clectrenx exergies below 9 eV,

The attachne=t rate for 00C,. lowever, proceeds gzite fant at electrex exeryies
ofdev.”"
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3.5 Charge Trantfer Processes. Exothermic charge transfer processes
aﬁnh@nﬁm&dﬁhawit&rgemdraﬁéy. The rate
cmsizats. k., for many of the expected processes have been mcasured

and are given iz Tadle IV. Iz order to help dort cut the rates of these pro-
cesses we indicate a characteristic lifetime for the ion which appears on
the left side of the reaction egeatior. For example, the rate eguation for
e elinm-a¥irogen reaction is

st

€ e 4

)

dnffie W& = knfiHe") 2fN,). -

We éefine the chasacteristic lifotime for the helium ion to be (k ai,)) .
The characteristic tirves given in Table IV assame 2 tnhl gis prevsure
o 763 tarr 2k 273 K. and a mixture ratio of 3:2/1 for He, X, and CO
far SO} and I torr of Op.

Chester Sormation rates for fhe N, molzcule are also listed in Table IV,
axd for comparisox, sorme recombircation rates for electrom-ion and ion-
o processes are izckeded. For the electron-ion recoanbination
ckaracteristic tirmes, a2 sloctroa density of lolzicm3 is assemed a2nd,
for the ise-tom process a nitrogexn jon demsity of lolzlcm3 is assamed.
The idextity of the recombining oxygen and nitrogen ions is not imown
azs Seratore ke fixal equation of Table IV represents the process

s<heratically oaly.
The cRaracteristic 2ifetimmes listed in Table IV show that the mair iomic

ckarge trazsfer processes proceed very {ast corpared to the ion-electron
recor:bizatios processes.
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TABLEIV. Rates for some Molecular Ion Processes s
_ : K Reference Characteristic
Reaction - {em™ /8) Number Lifetime
- Charge Exchange
Hefsz:'He 'fN'rl\'+ o 1. 7x107° 27 0.6 x10720
He' + CO=He +0+Ct - 1.7x10") 27 1.3x10"10 j
. (He + O+ 0 g o :
- . - - 3
. He  +G0," lne+co"=+o; 1.2x10 27 1.8 x 10
. 4c0; (N, +cot 0.7x107° 28 3.1x10°""
Ny D + 9 10
2% leot i, +cof 0.9x10" 28 2.4x10”
. 160, _{w+cot 0.9 x10"° 28 2.4x10" 10
N+ ‘co,) N+co; 1.3x10"7 28" 1.7x107%0
Cluster Formation
+ + <11 ' . =10
N, +N, =N, | 6 x 10 29 I8 x 10
co’+ n(coy...(cm: o1 ? Probably similar to N; +N, reaction
Pecombination
He; + e —2He ~1079 ‘ j
(cogj + e =nCO ~1077 , :
N, +e 2N, ~1077 ]
0 +N'=0_+N ~107® i
x Y x Yy ;
§
13
3
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4.0 SUMMARY

In an electrical diséharge gas laser, the two most impoftanf plasma

parameters for electron pumping are electf_oﬁ density and electron

energy. In this reporf the important physical processes which control
the electron density are discussed and a set of equations for calculating
the density are formu_lated and solved. It is shown that the équilibrium
value of the electron density of an electron béa_m stabilized CO or CO,
laser discharge may be calculated approximately from a simple quadratic

equation, Because of rapid charge transfer, the only significant number

of positive ions present in the discharge are those of CO or COZ‘ The
electron generation rate is the sum of the rates for all the varicus gas
constituents, These generation rates are proportional to the electron
beam current density, and mass density of the fill gas, The calculated
electron densities from these formulations are in reasonable agreement

with measured values.
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